Therefore, we built a lab-scale cooling tower to study the dynamics of Lp colonization in 23 relationship to the resident microbiota and spatial distribution. The pilot was filled with water 24 from an operating cooling tower harboring low levels of Lp. It was seeded with Vermamoeba 25 vermiformis, a natural host of Lp, and then inoculated with Lp. After 92 days of operation, the 26 pilot was disassembled, the water was collected, and biofilm was extracted from the pipes. The 27 microbiome was studied using 16S rRNA and 18S rRNA genes amplicon sequencing. The 28 communities of the water and of the biofilm were highly dissimilar. The relative abundance of 29
Introduction 39 40
Legionella pneumophila (Lp) is a gram negative, intracellular, waterborne pathogen known for 41 causing Legionnaires disease (LD), a severe pneumonia, contracted by the inhalation of 42 contaminated aerosols (Buse et al., 2012; Fields, 1996; Fliermans, 1996; McDade et al., 1979) . 43
Lp is the main cause of waterborne disease in the United States with an incident rate of 1.89 44 cases per 100,000 inhabitants in 2015 (Centers for Disease Control and Prevention, 2018). The 45 estimated annual cost of hospitalization due to LD in the United States exceeds $716 million 46
USD per year (Giambrone, 2013; Whiley et al., 2014) . The incidence of outbreaks of LD is on 47 the rise; the CDC reported that between 2000 and 2014, there was an increase of 286% in cases 48 of LD and Pontiac fever in the United States (Centers for Disease Control and Prevention, 2015) . 49
A similar trend was reported in Europe (Beauté, 2013; Beauté, 2017) . 50
51
Lp is a natural inhabitant of many aquatic ecosystems such as lakes, hot springs and rivers (Borella 1987; Sheehan et al., 2005) . There, it can be found as an intracellular parasite of free living amoeba 54 and ciliates (Fields et al., 2002; Rowbotham, 1980) . Importantly, Legionella is ubiquitous in 55 engineered water systems (Alary and Roy, 1992) . Legionella has been detected in pools, water 56 fountains, dental units, humidifiers, domestic potable water distribution systems, cooling towers, 57 hospital and hotel hot water systems (Atlas et al., 1995 Lp (Messi et al., 2011; Serrano-Suarez et al., 2013) . In contrast, some cooling towers that have 91 high HPC do not harbour Lp, suggesting that they may host a microbial population resistant to 92
Legionella colonization (Duda et al., 2015) . The presence of some organisms such as 93
Cyanobacteria (Tison et al., 1980) and Flavobacterium, (Wadowsky and Yee, 1983) Legionella pneumophila in water systems seem to be impacted by the resident microbes. The 98 identity and relative abundance of these microbes is influenced by several parameters. The 99 microbial population residing in cooling towers is shaped by local climate and water sources 100 (Llewellyn et al., 2017; Paranjape et al., 2020) . Additionally, the microbiota is affected by the 101 disinfectant residuals and application schedule (Hwang et al., 2012; Paranjape et al., 2020 ). An 102 important limitation of these studies is that they focus on the microbiota of the water. Biofilm 103 plays a crucial role in Legionella proliferation and survival (Cooper and Hanlon, 2010; 104 Flemming et al., 2002; Rogers and Keevil, 1992; Simões et al., 2010) . In addition, the 105 composition of the microbial communities in water systems is different in the biofilm and in the 106 water phase (Di Gregorio et al., 2017; Wang et al., 2014) . Therefore, analysing the microbial 107 interaction between Lp and the resident microbiota in the water and in the biofilm is warranted to 108 fully understand its life cycle and propose better strategies to control its growth. 109 110 Pilot-scale water systems have been developed to study disinfection methods (Farhat et al., 2012; 111 Liu et al., 2011; Zhang et al., 2016) , Lp growth and integration in biofilm (Taylor et al., 2013; 112 Turetgen and Cotuk, 2007) , corrosion, scaling, and biofouling (Chien et al., 2012) . Of note, Lp 113 can be detected in the biofilm in such pilot systems. Nevertheless, few studies have been 114 conducted on pilot cooling towers and, to our knowledge, none accurately depict the complexity 115 of real cooling towers. 116
117
Cooling towers are heat exchange devices in which hot water that comes from an external 118 process such as refrigeration, is cooled due to heat exchange between water and air. Hot water is 119 sprayed from the top of the cooling tower by a distribution system through a filling material that 120 breaks the water into small droplets to increase the heat exchange between the air and the water. 121
While water is sprayed, atmospheric air flows from the bottom to the top of the tower. A heat 122 exchange will take place between the air and the water. The water will be cooled and collected at 123 the bottom of the tower and returned to the process that needs cooling. Therefore, a cooling 124 tower system consists of two sections characterized by different temperatures. In addition, the 125 massive input of air in the system increase oxygen availability in the water. It is conceivable that 126 the oxygen concentration is high initially in the basin, but decreases thereafter due to microbial 127 consumption, reaching minimal concentraion at the end of the warm pipe section. As a result, the 128 microbial composition in the biofilm formed on the surface of the different parts of a cooling 129 tower is likely different. 130
131
To better understand the growth of Lp in cooling towers and its interaction with the resident 132 microbiome, it is therefore crucial to study the biofilm. It is difficult to perform such study on 133 real cooling towers since the pipes are not easily accessible and sampling the biofilm of the pipes 134 requires dismantling the system. As an alternative, we built a lab-scale cooling tower pilot to 135 study the dynamics of Lp colonization in relationship to resident microbiota and spatial (HACH Company, Loveland, CO, USA). In total, two weeks were required to reach stable 166 chlorine residual in the system. Following system disinfection, the pilot was rinsed with 167 unchlorinated sterile distilled water for 24 hours. At this point, the HPC count was 1.4 ´10³ 168 CFU/L. The pilot was then filled with water from an actual cooling tower harboring undetectable 169 levels of Lp at the time it was collected. An aliquot of water from this cooling tower was kept in 170 a 10 L polypropylene carboy (Nalgene, USA) at room temperature for three months as control 171 water, to distinguish the impact of stagnation from the impact of the pilot system on the water 172 microbiome. After 64 days, the pilot was seeded with Vermamoeba vermiformis to a final 173 concentration of 6 x 10 6 cells/L. At day 72, the pilot was seeded with Lp to a final concentration 174 of 3.5 x 10 5 cells/L. The pilot was dismantled after 92 days, three weeks after the inoculation 175 with Lp. 176 Water sampling was carried out from the bioreactor sampling port. One milliliter samples were 207 taken twice a week for heterotrophic plate count (HPC) on R2A agar. The plates were incubated 208 at 30 °C for 48 hrs. During the first 43 days, a 20 mL sample was collected weekly for DNA 209 extraction. Starting from day 43, the volume was increased to 60 mL. Additional samples of 60 210 mL were taken after inoculation with V. vermiformis and Lp. The volume loss was compensated 211 by adding filter sterilized water from the cooling tower that was kept at 4 °C. Due to a 212 considerable decrease in HPC, the volume of sampling was reduced back to 20 mL on day 64 213 until the end of the experiment. All water samples collected for DNA extraction were filtered 214 through a 0.45 µm pore size filter (Millipore, USA), and the filters were kept at -20°C until DNA 215 extraction. 216 217 2.5 Pilot disassembly and biofilm sampling 218 219 After 92 days of operation, the pilot was disassembled. The water from the bioreactor was first 220 collected. Then, the water was drained from the pipes. The pipes were disassembled, and the 221 attached biofilm was collected as previously described (Proctor et al., 2016; Proctor et al., 2018) . 222
Briefly, ten 6-inch pipes (five pipes from the cold part and five from the warm part of the 223 system) were unthreaded. Pipes were capped and filled with 10 mL of 3 mm sterile glass beads. 224
The remaining volume was filled with filter-sterilized water collected from the pilot. The pilot was designed to mimic as accurately as possible the operation of a real cooling tower. 298
The temperatures in the cold and hot pipe were remarkably stable at 22.7 °C and 30.7°C 299 respectively, reproducing the temperature typically seen in a cooling tower (ASHRAE, 2008). 300
The pH was also stable around 8.1 during the whole experiment. The pilot was seeded with water 301 collected from an operating cooling tower and filter-sterilized water from that tower was used as 302 make up water. 303
HPCs in the reactor water were between 10 5 and 10 6 CFU/mL during the first forty days of the 304 experiment, showing a relative stability (Figure 2A) . A decrease in the HPC was noticed between 305 day 43 and 70. During this period, the volume of water collected from the bioreactor for DNA 306 extraction was increased from 20 mL per week to 60 mL, which increased the addition of 307 makeup water. This apparently caused over dilution of the microbial population in water. A rise 308 of the CFU in the water was observed when the volume taken was decreased back to 20 mL 309 around the time of inoculation with V. vermiformis on day 64. Inoculation of Lp did not seem to 310 affect CFU counts. On the last day (92), there were 1.40 ´ 10 5 CFU/mL in the water, for an 311 estimated total cultivable biomass of 1.47 ´ 10 8 CFU in the system, assuming a volume of water 312 of 1.05 L. Of note, some flocs were visible in the water collected from the bioreactor on the last 313 day. 314 Figure 2B ). The average cultivable biomass in the biofilm was 3.51 ´ 10 5 CFU/cm 2 . Using 329 an estimated surface of 2257.5 cm 2 for the pipe system, the total cultivable biomass present in 330 the biofilm is estimated to 7.92 ´ 10 8 CFU. This is at the upper range of what was previously 331 reported for biofilm sampled inside drinking water distribution systems (Wingender and 332 Flemming, 2011). There were only 5 times more cultivable microorganisms in the biofilm than 333 in the water of our pilot system at the time biofilm was sampled (day 92). This is not consistent 334 with the literature reporting that about 95% of bacterial cells in water systems are fixed on 335 surfaces (Flemming et al., 2002) . This can be due to the fact that the temperature range in the 336 system and the lack of disinfection methods was ideal for the organisms to be in the planktonic 337 state. Alternatively, the relatively high surface volume ratio of our system (2.15 cm -1 ) is known 338 to promote cell release from the biofilm into the water ( was already present at day 57, before inoculation with V. vermiformis, and was also present at day 360 92. Other OTUs harboring potential hosts for Lp were also detected such as Oligohymenophorea 361
and Naegleria, but only at the later time point ( Figure 3B ). In the biofilm sampled on day 92 362 ( Figure 3C) , Nitrosomonadaceae was the most predominant bacterial family in the warm pipes 363 (17.1% to 22.5%). In contrast, the levels of Burkholderiaceae (9.3% to 22.2%), Microscillaceae 364 (7.9% to 16.8%) and Rhodocyclaceae (8.0% to 17.1%) seemed higher in the biofilm formed in the 365 cold pipes. Oligohymenophorea was the most abundant eukaryotic genus in the biofilm samples 366 ( Figure 3D) , having a higher abundance in the biofilm formed in the cold pipes (31.3% to 73.7%) 367 compared to the hot pipes (3.1% to 18.5%). Vermamoeba and Naegleria were also detected in the 368 biofilm samples in pipes at both temperatures. 369 370 371 372 comparing the bacterial communities of the pilot tower water at day 92, of the initial water used 392 for inoculation, and of the initial water incubated at room temperature on the bench for 92 days 393 ( Figure 4) . The microbiome of the pilot water was significantly different than the initial water 394 used to seed the system and shows a significant difference from the microbiome of the stagnant 395 water (PERMANOVA F-value: 269.21; R 2 : 0.98901; p-value < 0.001). This result indicates that 396 specific characteristics and operating parameters of our pilot tower, such as temperature, 397 dissolved oxygen, and water flow, shaped the resident microbiota. These parameters were 398 identified as the main factors influencing the resident microbiota of a model water distribution The presence of Legionella in the system was evaluated using the results of the 16S rRNA gene 410 amplicon sequencing ( Figure 5 ). The relative abundance of Legionella in the water at the beginning of the experiment (day 1) was almost null (0.02%). An increase in the relative 412 abundance of Legionella was observed after 57 days reaching 3.0%. Right after the inoculation 413 with Lp on day 72, the relative abundance of Legionella in water was 11.0 %. reaching 13 % at 414 day 86, but then dropping to 4% on day 92 ( Figure 5B ). The relative abundance of Legionella in 415 the biofilm samples was extremely low, but detectable ( Figure 5B) . One of the objectives of this 416 study was to observe the spatial distribution of Legionella within cooling towers. While we were 417 expecting to see significant differences in the relative abundance of Legionella in biofilm at 418 different temperatures, this was not observed. It is tempting to conclude that most of Legionella 419 was in the water phase in the system. The presence of Legionella in biofilms within water 420 distribution systems has been reported in several studies Potential host of Legionella, such as Vermamoeba, Acanthamoeba, Naegleria and ciliates 430 (Oligohymenophorea) were detected in the water samples ( Figure 3B ) as well as in the biofilm. 431
Intracellular growth of Lp in biofilm is dependent on the concentration of host cells (Shaheen et 432 al., 2019) . The presence of host cells in the biofilm as well as the temperature being between 433 22.7 and 30.7°C in the pipes ( Figure 3B ) suggest that Legionella had ideal growth conditions 434 (Ashbolt, 2015; Fields et al., 2002; Moffat and Tompkins, 1992; Rowbotham, 1980 ). Furthermore, it was previously shown that Legionella is able to integrate biofilm formed on 436 PVC, the material used for the pipe in our studies (Armon et al., 1997; Rogers et al., 1994a) . 437 Therefore, we were expecting to find a larger proportion of Legionella in the biofilm than in the 438 water. However, the conditions found in the water of our pilot, including the presence of specific 439 host species, might be ideal for Lp growth, favoring its presence in water. This is supported by 440 the presence of host cells in the water phase. The lack of time points for the analysis of the 441 composition of the biofilm prevents us from making any assumptions about the dynamics of the 442 microbiota in the biofilm. It is possible that Legionella concentration in the biofilm was higher at 443 an earlier time point. The spatial distribution of Lp in cooling towers will need to be studied 444 further. 445 
Influence of the temperature on bacterial and eukaryotic communities in the biofilm 502
Beta diversity was calculated to analyze the difference between biofilm samples (Figure 8) . 503
Grouping the samples according to the temperature produced significantly different clusters for 504 the bacterial ( Figure 8A , PERMANOVA F-value: 37.838; R 2 : 0.59272, P < 0.001, Stress = 505 0.10321) and for the eukaryotic communities ( Figure 8B , PERMANOVA F-value: 37.717, R 2 : 506 0.57393, P < 0.001; Stress = 0.15982). This is not surprising since temperature is known to affect 507 biofilm formation and composition, as well as the presence of Lp (Buse et al., 2017) . The strength 508 of our study is that our unique pilot design allows us to decipher the effect of temperature in a 509 single system were the different surfaces are inoculated with the same microbiota. The specific 510 biofilm communities present at the different temperatures likely established gradually from the 511 original inoculum eventually reaching a specific composition. It is not clear if the composition of 512 the biofilms was stable at the time of disassembly. A time course study will need to be performed to understand the dynamic of biofilm establishment at different temperature in the same system. 514
To our knowledge, there is a scarcity of study assessing this particular point. Next, LEfSe was 515 used to identify bacterial and eukaryotic taxa enriched in biofilm at 22.7 °C and at 30.7 °C. 516
Bacterial families such as Burkholderiaceae, Rhodocylaceae and Microbacteriaceae were 517 predictive of biofilm at 22.7 °C while Nitrosomonadaceae and Reynellaceae were predictive of 518 biofilm at 30°C. Interestingly, the ciliate genus, Olygohymenophorea was predictive of cold 519 biofilm while amoeba such as Naegleria and Acanthamoeba were predictive of warm biofilm. It 520 is possible that the species of Oligohymenophorea present in the system have an optimal growth 521 temperature closer to 20°C. Indeed, a recent study of the microeukaryote communities in the St-522
Charles river in Quebec, Canada, revealed that ciliates are more abundant during the winter 523 period (Cruaud et al., 2019) . It is tempting to speculate that ciliates might be more important for 524 intracellular growth of Lp at low temperature and amoebas at higher temperature in water 525 systems. The role of ciliates in the life cycle of Legionella in water systems running at low 526 temperature should be investigated further. 527 PERMANOVA was used to assess statistical significance. A LEfSe analysis was performed to 532 identify bacterial (C) and eukaryotic (D) taxa associated with each temperature. Only statistically 533 significant taxa (P <0.02) are shown. 534
Conclusion 536 537
This study illustrates the importance of studying the microbial composition of the water as well as 538 the biofilm to fully understand Legionella ecology in water systems. From our study, three main 539 observations emerge. 540
• In our pilot, the temperature had a great impact in the composition of the resident 541 microbiota of the biofilm, indicating that the cold and warm pipe section of actual cooling 542 towers are likely to harbor different microbial population. 543
• The host cells were mainly present in the biofilm, while Legionella was present in a lower 544 proportion in the biofilm at the time of sampling. This suggest that Legionella grows in the 545 biofilm but is released back in the water afterward, following a host-prey cycle within hosts 546 population. 547
• Ciliates and amoebas seem to inhabit different parts of the system, the former preferring 548 the colder part. Therefore, additional research is needed to appreciate the role of ciliates in 549
Legionella growth at lower temperature. Finally, our study supports the usefulness of pilot 550 systems in studying the ecology of Legionella and other water-borne pathogens. 551 552 Acknowledgments 553
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